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[57] ABSTRACT 

TWo spectrally distinguishable GFPs are used as reporters in 
mammalian cells to simultaneously and independently ana 
lyZe the expressions of tWo transcriptional elements. The 
tWo GFPs, encoded by single stably integrated transcrip 
tional elements, are readily and quantitatively detectable by 
FACS or flow cytometry. One of the GFP mutants (S202F, 
T203I, V163A) retains only the major excitation peak of 
Wild-type GFP, While the other (S65T, V163A) retains only 
the minor excitation peak of Wild-type GFP. Both variants 
have emission peaks overlapping that of WtGFP. The ?rst 
mutant is excited at 406 nm using a Kr ion laser, While the 
second mutant is excited at 488 nm using an Ar ion laser. 
Emissions from both GFPs are measured at about 515 nm. 
The mutant excited at 406 nm can be used in conjuction With 
a ?uorescein-based assay such as FACS-Gal. Applications 
include drug screening, measurements of temporal orders of 
gene expression, analysis of signal transduction pathWays, 
and measurements of protein-protein interactions using tWo 
hybrid systems. 

20 Claims, 9 Drawing Sheets 
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TWO-REPORTER FACS ANALYSIS OF 
MAMMALIAN CELLS USING GREEN 

FLUORESCENT PROTEINS 

CROSS-REFERENCES TO RELATED 
APPLICATIONS 

This application claims the bene?t of US. Provisional 
Application No. 60/008,232, ?led Dec. 6, 1995, herein 
incorporated by reference. 

This invention Was made With US. Government support 
under Contract No. CA 42509, aWarded by the National 
Institutes of Health. The US. Government has certain rights 
in this invention. 

FIELD OF THE INVENTION 

This invention relates to reporter genes for use in mam 
malian cells. More particularly, it relates to improved green 
?uorescent protein (GFP) mutants alloWing independent, 
simultaneous analysis of tWo reporter genes in mammalian 
cells. 

BACKGROUND OF THE INVENTION 

Reporter/marker genes have found Wide use in the study 
of cellular genetic regulation and gene function. In studies of 
genetic regulation, a regulatory element (eg promoter or 
enhancer) fused to a reporter gene is transfected into cells. 
The amount of reporter molecule subsequently generated 
re?ects the transcriptional activity of the regulatory element. 

Reporter genes can be used to measure, among others, 
transcriptional activities of synthetic enhancers (e.g. enhanc 
ers formed by multimeriZation of a single nuclear binding 
site motif), and protein-protein interactions using tWo 
hybrid systems. 

In studies of gene function, marker molecules distinguish 
cells expressing transfected/infected genes from uninfected 
cells. A gene of interest is co-transfected With a marker gene. 
Cells expressing the gene of interest are identi?ed by the 
presence of marker molecule. The marker molecule and the 
product of interest can be expressed as a protein fusion. 
Alternatively, the marker molecule and the product of inter 
est can be expressed as distinct proteins from a transcrip 
tional fusion having an internal ribosomal entry site (IRES). 

With the recent development of reporter genes detectable 
by ?oW cytometry, it has become possible to analyZe the 
expression of a transcriptional element Within an individual 
mammalian cell. HoWever, there is no currently available 
method of independently analyZing tWo transcriptional ele 
ments Within a mammalian cell. 

The articles by Nolan et al. in PNAS USA 85:2603—2607 
(1985) and Fiering et al. in Cytometry 12: 291—301 (1991), 
herein incorporated by reference, describe FACS-Gal, a 
?uorogenic assay that permits the detection and isolation of 
individual cells expressing lacZ. The gene lacZ encodes the 
enZyme [3-galactosidase, Which cleaves the non-?uorescent 
substrate ?uorescein-di-[3-galactopyranoside to release ?uo 
rescein. For further information on FACS-Gal and some of 
its uses, see also the article by Kerr and HerZenberg in 
Methods." A Companion to Methods in Enzymology 2(3) 
:261—271 (1991), herein incorporated by reference. 

Another type of reporter gene previously used for FACS 
analysis of mammalian cells is described in an article by 
Rice et al. in PNAS USA 89(12):5467—5471 (1992). Agene 
encoding a plasma membrane surface receptor is transfected 
into cells that do not endogenously express the receptor. 
Fluorochrome-conjugated antibodies bind to receptor 
present on the cell surface, and can be detected by ?oW 
cytometry. Several difficulties have precluded the Wide 
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2 
spread use of receptor-encoding reporter genes, including 
the unquantitative nature of the detection, and the potential 
interference of the receptor With normal signal transduction 
pathWays. 

Recently, the green ?uorescent protein (GFP) gene, iso 
lated from the jelly?sh Aequorea victoria, has become 
available as a potential reporter or marker in procaryotes and 
eucaryotes. The gfp gene encodes a protein Which ?uoresces 
When excited by violet or blue-green light. GFP is unique 
among reporters in that the GFP ?uorophore spontaneously 
forms intracellularly Without added cofactors, and in that it 
provides a direct readout of gene expression. The use of GFP 
eliminates the need for introducing a substrate into live cells, 
and for evaluating complex enZyme-substrate kinetics. For 
information on GFP see for example US. Pat. No. 5,491, 
084, herein incorporated by reference, and the articles by 
Peters et al. in Dev. Biol. 171:252—257 (1995), RiZZuto et al. 
in Curr. Biol. 5:635—642 (1995), and Cubitt et al. in Trends 
in Biochemical Sciences 20:448—455 (1995). The Cubitt et 
al. article includes a summary of reports of GFP expression 
in various procaryotic and eucaryotic systems. 
GFP is a 238-amino acid protein, With amino-acids 65—67 

(Ser, Tyr, and Gly, respectively) thought to be involved in 
the formation of the chromophore. For information on the 
structure of WtGFP, see the article by Yang et al. in Nature 
Biotechnology 14(10):1246—1251 (1996). FIG. 1-A shoWs a 
proposed biosynthetic scheme for the GFP chromophore. 
Only some of the expressed protein folds into a ?uorescent 
form. For a given quantity of GFP Within a cell, the GFP 
brightness depends on the quantum yield of the protein and 
on the fraction of protein correctly folded. 

FIG. 1-B shoWs the excitation and emission spectra of 
WtGFP. Wild-type GFP has a major excitation peak at 395 
nm, a minor excitation peak at 475 nm and a single emission 
peak at 509 nm. The tWo excitation peaks presumably re?ect 
tWo distinct states (protonated and unprotonated) of the 
?uorophore. Illumination of WtGFP With UV or violet light 
results in photobleaching, and in photoisomeriZation from 
the state maximally excited at 395 nm to the state maximally 
excited at 475 nm. Photobleaching decreases the absolute 
magnitude of both excitation peaks, While photoisomeriZa 
tion reduces the relative magnitude of the major excitation 
peak. For data on photobleaching and photoisomeriZation of 
GFP, see the above-incorporated article by Cubitt et al. 
A number of GFP mutants having altered excitation and 

emission spectra When expressed in E. coli are described in 
articles by Heim et al. in PNAS USA 91:12501—12504 
(1994) and in Nature 373:663—664 (1995), herein incorpo 
rated by reference. Table 1 provides a summary of some 
characteristics of GFPs expressed in E. coli, as disclosed in 
the tWo Heim et al. articles. 

TABLE 1 

Excitation Emission 
Mutation maximum maximum Relative ?uorescence (‘70) 

None 396 nm 508 nm =100 

Ser-202 to Phe 398 nm 511 nm 117 (W/395 nm exc) 
Thr-203 to He 
Ile-167 to Val 471 nm 502 nm 166 (W/475 nm exc) 
Ile-167 to Thr 471 nm 502 nm 188 (W/475 nm exc) 
Tyr-66 to His 382 nm 448 nm 57 (W/395 nm exc) 
Tyr-66 to Trp 458 nm 480 nm Not done 
Ser-65 to Thr 489 nm 511 nm ~600 
Ser-65 to Cys 479 nm 507 nm ~600 

Wild-type GFP as Well as GFP mutants of various colors 
can be readily and quantitatively detected in bacteria, by 
?uorescence microscopy or ?oW cytometry. In mammalian 
cells, hoWever, analysis of GFP ?uorescence has proven 
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relatively difficult, primarily because of the relatively high 
levels of auto?uorescence in mammalian cells, and the high 
temperatures at Which mammalian cells are grown. Mol 
ecules such as pyridine nucleotides, ?avin nucleotides and 
?avoproteins ?uoresce upon ultraviolet or blue excitation, 
and can obscure GFP ?uorescence. Mammalian cell autof 
luorescence is particularly bright for UV excitation. 
Moreover, mammalian cells are typically groWn at 37° C., 
Well above the temperature that yields maximal GFP ?uo 
rescence. The high temperatures at Which mammalian cells 
are groWn hinder the proper folding of GFP. For information 
on the temperature dependence of GFP ?uorescence, see the 
article by OgaWa et al. in PNAS USA 92:11899—11903 
(1995), herein incorporated by reference. 

Wild-type or S65T GFP ?uorescence can be qualitatively 
detected by ?oW cytometry in transiently transfected mam 
malian cells containing multiple copies of GFP expression 
vectors (data not shoWn, also reported in the article by Ropp 
et al. in Cytometry 21:309—317 (1995), herein incorporated 
by reference). HoWever, the relative dullness of GFP in 
mammalian cells and the spectral overlap of WtGFP With 
available mutants have impeded the simultaneous detection 
by ?oW cytometry of multiple GFPs Within an individual 
mammalian cell. 

Ropp et al. describe an analysis by spectro?uorometry 
and ?oW cytometry of mammalian cells expressing WtGFP 
or S65T-GFP. The article also contains data on green autof 
luorescence for UV, violet, and blue green excitation in 
mammalian cells. The dullness of the described GFPs, and 
the similarity of the responses of WtGFP to blue and violet 
excitation Would preclude the simultaneous ?oW cytometry 
analysis of WtGFP and S65T-GFP in mammalian cells. The 
tWo variants could not be used to distinguish cells express 
ing a single GFP variant from cells expressing both variants. 
Also, the tWo variants could not be used to independently 
analyZe the expression of tWo transcriptional elements 
Within mammalian cells. 

Bender et al. (Bender, Kahana, Hudson, and Silver, per 
sonal communication) have isolated a number of mutants 
that shoW increased ?uorescence in E. coli. In particular, one 
of the mutants (V163A) identi?ed by Bender et al. retains 
the spectral properties (Wavelengths of the excitation and 
emission peaks) of Wild-type GFP but shoWs a 17-fold 
increase in ?uorescence intensity in E. coli. 

OBJECTS AND ADVANTAGES OF THE 
INVENTION 

Accordingly, it is a primary object of the present invention 
to provide tWo reporter genes independently detectable by 
?oW cytometry in a mammalian cell. It is another object to 
provide a method of simultaneously detecting the expression 
products of tWo independent transcriptional elements in a 
mammalian cell. The reporter genes do not require sub 
strates or exogenous cofactors for detection of their prod 
ucts. It is a further object of this invention to provide tWo 
spectrally distinguishable GFPs detectable in mammalian 
cells. The ?uorescence signals from the GFPs are signi? 
cantly higher than cell auto?uorescence signals, such that a 
population of cells expressing either of the tWo GFPs is 
distinguishable from a population of background cells. It is 
still another object to provide GFPs With sufficiently loW 
intersignal crosstalk to permit distinguishing cells express 
ing both GFPs from cells expressing only one of the GFPs. 
The excitation spectra of the tWo GFPs are matched to 
available laser lines. The excitation spectrum of each of the 
tWo GFPs is similar to one of the excitation peaks of WtGFP. 
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The emission spectra of the tWo GFPs are similar to the 
emission spectrum of the Wild-type protein. The tWo GFPs 
are structurally similar and have similar brightness and 
expression levels for a given controlling regulatory element, 
alloWing direct comparisons of transcriptional activities for 
different regulatory elements. The tWo mutants fold more 
e?iciently, and have better quantum yields than available 
UV-excited GFP variants. It is another object of this inven 
tion to provide a method of quantitatively analyZing the 
expression of tWo transcriptional elements Within a mam 
malian cell. The detected ?uorescence signals provide direct 
measures of the expression levels of corresponding tran 
scriptional elements, and do not need to be interpreted in 
light of complex enZyme-substrate kinetics. 

SUMMARY OF THE INVENTION 

The invention provides bright, spectrally separated GFP 
variants alloWing simultaneous ?oW cytometry analyses of 
tWo transcriptional elements Within mammalian cells. Each 
of the tWo GFPs has a single excitation peak. The excitation 
peak of one of the GFPs matches the major excitation peak 
of WtGFP, While the excitation peak of the other GFP 
approximately matches the minor excitation peak of WtGFP. 
The present invention alloWs distinguishing cells expressing 
distinct GFPs from background cells. The strategies of 
distinguishing the tWo GFPs by excitation Wavelengths and 
of using GFPs that retain one of the excitation peaks of 
WtGFP alloW the use of relatively bright variants for dual 
reporter analyses, since the GFPs are Well matched to 
available bright light sources, do not require UV excitation, 
and have reduced intersignal crosstalk. 

DESCRIPTION OF THE FIGURES 

FIG. 1-A illustrates a proposed biosynthetic scheme for 
the WtGFP chromophore. 

FIG. 1-B shoWs the excitation and emission spectra of 
WtGFP. 

FIG. 2 shoWs the excitation and emission spectra of tWo 
GFP mutants of the present invention. 

FIG. 3 is a schematic vieW of a ?uorescence activated cell 
sorter suitable for use in a method of the present invention. 

FIG. 4-A shoWs a 488 nm FACS scan of uninfected 
NIH/3T3 cells. 

FIG. 4-B shoWs a 488 nm FACS scan of NIH/3T3 cells 
transfected With a single copy of Wtgfp per cell. 

FIG. 4-C shoWs a 488 nm FACS scan of NIH/3T3 cells 
transfected With a single copy of bex-1 per cell, according to 
the present invention. 

FIG. 5-A shoWs a dual-excitation FACS scan of bex-1 
transfected NIH/3T3 cells, Without ?uorescence 
compensation, according to the present invention. 

FIG. 5-B shoWs a dual-excitation ?uorescence 
compensated FACS scan of bex-1-transfected NIH/3T3 
cells, according to the present invention. 

FIG. 5-C shoWs a dual-excitation FACS scan of vex-1 
transfected NIH/3T3 cells, Without ?uorescence 
compensation, according to the present invention. 

FIG. 5-D shoWs a dual-excitation ?uorescence 
compensated FACS scan of vex-1-transfected NIH/3T3 
cells, according to the present invention. 

FIG. 6-A shoWs a dual-excitation FACS scan of NIH/3T3 
cells transfected With bex-1 and vex-1 at a multiplicity of 
infection of 0.06, according to the present invention. 

FIG. 6-B shoWs a dual-excitation FACS scan of NIH/3T3 
cells transfected With bex-1 and vex-1 at a multiplicity of 
infection of 0.13, according to the present invention. 
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FIG. 6-C shows a dual-excitation FACS scan of NIH/3T3 
cells transfected With bex-l and vex-1 at a multiplicity of 
infection of 0.65, according to the present invention. 

FIG. 7-A shoWs a FACS scan of BOSC 23 cells trans 
fected With bex-l and vex-1, in the absence of induction of 
the tWo reporter genes, according to the present invention. 

FIG. 7-B shoWs a FACS scan of BOSC 23 cells trans 
fected With bex-l and vex-1, under inducing conditions for 
bex-l but not vex-1, according to the present invention. 

FIG. 7-C shoWs a FACS scan of BOSC 23 cells trans 
fected With bex-l and vex-1, under inducing conditions for 
vex-1 but not bex-1, according to the present invention. 

FIG. 7-D shoWs a FACS scan of BOSC 23 cells trans 
fected With bex-l and vex-1, under inducing conditions for 
both vex-1 and bex-1, according to the present invention. 

DETAILED DESCRIPTION 

The statement that a gene is used as a reporter gene in a 
cell is understood to mean that level of a product of the gene 
is used to provide a measurement of a transcriptional activity 
of the gene. The statement that a gene is used as a marker 
gene in a cell is understood to mean that a detection of a 
product of the gene is used to determine Whether the gene is 
present or expressed in the cell. The term background cell is 
understood to refer to a cell that does not signi?cantly 
express a gene product under analysis. The statement that 
tWo peaks overlap is understood to mean that the Wavelength 
ranges de?ned by the full-Widths-at-half-maxima of the tWo 
peaks overlap. The statement that a Wavelength is Within a 
peak is understood to mean that the Wavelength is Within the 
range de?ned by the full-Width-at-half-maximum of the 
peak. The statement that a signal is measured at a Wave 
length is understood to mean that the Wavelength is Within 
the full-Width-at-half-maximum of an emission ?lter used 
for the measurement. 

The present invention provides a method of analyZing 
mammalian cells, preferably by ?oW cytometry. Each cell 
comprises a ?rst transcriptional element and a second tran 
scriptional element. The method comprises measuring a ?rst 
?uorescence signal from a ?rst intracellular expression 
product of the ?rst transcriptional element, and a second 
?uorescence signal from a second intracellular expression 
product of the second transcriptional element. Cells express 
ing the transcriptional elements can be distinguished and 
sorted from background mammalian cells according to 
either of the signal(s). 

Preferably, the expression products comprise spectrally 
distinguishable green ?uorescent proteins encoded by the 
corresponding transcriptional elements. Alternatively, one of 
the transcriptional elements encodes an enZyme capable of 
releasing the corresponding expression product by cleaving 
a non-?uorescent precursor of the expression product. 

In a preferred embodiment, the ?rst green ?uorescent 
protein has a set of ?rst spectral optimiZation mutations 
(S202F, T2031) and a ?rst stability mutation (V163A), While 
the second green ?uorescent protein has a second spectral 
optimiZation mutation (565T) and a second stability muta 
tion (V163A). The spectral optimiZation mutations match 
the excitation spectra of the tWo proteins to desired excita 
tion Wavelengths (available laser lines), and reduce the 
spectral overlap betWeen the tWo proteins. The stability 
mutations improve the stability, and thus brightness, of the 
tWo proteins. 

The ?rst GFP has a single excitation peak that overlaps 
the major excitation peak of WtGFP, and does not overlap the 
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6 
minor excitation peak. In particular, the excitation peak of 
the ?rst GFP substantially coincides With the major excita 
tion peak of WtGFP. The second GFP has a single excitation 
peak that overlaps the minor excitation peak of WtGFP, and 
does not overlap the major excitation peak. The excitation 
peak of the second GFP is preferably shifted aWay from the 
excitation peak of the ?rst GFP, so as to reduce the spectral 
overlap betWeen the tWo GFPs. The tWo GFPs have distin 
guishable excitation peaks. The emission peaks of both 
GFPs overlap the emission peak of WtGFP. In particular, the 
emission spectra of the tWo GFPs coincide With that of 
WtGFP. The GFPs are distinguished according to Wave 
lengths of light incident on the cell under analysis. 
The use of mutants having excitation spectra matching 

only one of the WtGFP excitation peaks eliminates the need 
for UV excitation of the cell, as compared to the commonly 
used approach of using GFPs distinguishable by color. No 
GFP variant With an emission peak at a Wavelength signi? 
cantly higher than that of the WtGFP emission peak has been 
developed so far. Distinguishing tWo GFPs by color thus 
requires the use of a mutant having an emission peak 
signi?cantly loWer in Wavelength than 500 nm, such as 
Y66H (see Table 1). The Y66H variant requires UV 
excitation, hoWever. Also, GFPs that are structurally similar 
to WtGFP in one of its conformations (protonated or 
unprotonated) have been empirically observed to be brighter 
than UV-excited variants. 

The cell is ?rst illuminated at a Wavelength hall] Within 
the excitation peak of the ?rst protein. The response of the 
second GFP to light of Wavelength hall] is minimal relative 
to that of the ?rst GFP. Consequently, the ?uorescence signal 
resulting from excitation at hall] measures substantially the 
response of the ?rst GFP. The cell is then illuminated at a 
Wavelength )tex[2] Within the excitation peak of the second 
protein. The response of the ?rst GFP to light of Wavelength 
A612] is minimal relative to that of the second GFP. Thus, 
the ?uorescence signal resulting from excitation at )tex[2] 
measures substantially the response of the second GFP. The 
loW overlap betWeen the excitation spectra of the tWo 
mutants alloWs adequate compensation of the ?rst signal for 
the level of second protein, and of the second signal for the 
level of ?rst protein. 

Preferably, a Kr ion laser is used for generating light of 
Wavelength )tex[1]=406 nm, and an Ar ion laser for gener 
ating light of Wavelength )t€x[2]=488 nm. The ?rst signal is 
measured at a Wavelength )tmll] betWeen 500 nm and 540 
nm, and the second signal is measured at a Wavelength 
)tem[2] betWeen 500 nm and 540 nm. Preferably, bandpass 
515120 nm emission ?lters are used for detecting both 
?uorescence signals. 

Each transcriptional element comprises a regulatory ele 
ment (such as a promoter, enhancer, or repressor) opera 
tively connected to a coding portion encoding a GFP. The 
regulatory element regulates the expression of the coding 
portion. The transcriptional elements are preferably stably 
integrated into the genomes of the host cells. Each GFP is 
detectable by ?oW cytometry When encoded by a single 
expressed copy of a corresponding transcriptional element. 

Applications of the present invention include sorting cells 
carrying a particular combination of genes of interest, simul 
taneously screening agents for effects on multiple regulatory 
elements, and studying protein-protein interactions using 
tWo-hybrid systems. In drug screening applications, the 
transcriptional elements are exposed to a molecule of inter 
est. The ?uorescence signals then measure the effects of the 
molecule of interest on the transcriptional elements. Cells 
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displaying predetermined ?uorescence levels are selected by 
FACS or high-throughput screening methods. 

In a tWo-hybrid system used for the study of protein 
protein interactions, a ?rst protein of interest is conjugated 
to a DNA-binding domain, While a second protein of interest 
is conjugated to a transcription activation domain. The 
DNA-binding domain is capable of binding to a regulatory 
element of each transcriptional element, While the transcrip 
tion activation domain is necessary for the transcription of 
the transcriptional element. The transcriptional element is 
only expressed When the DNA-binding domain and the 
transcription activation domain are in proximity. The signal 
from the GFP encoded by a transcriptional element measures 
the binding of the ?rst protein of interest to the second 
protein of interest. For detailed information on tWo-hybrid 
systems, see the article by Fearon et al. in PNAS USA 
89:7958—7962 (1992), herein incorporated by reference. 

The present invention provides a method of independently 
analyZing by ?oW cytometry the expression levels of tWo 
transcriptional elements in a mammalian cell, by measuring 
?uorescence signals from proteins encoded by the transcrip 
tional elements. 

To establish a pair of FACS-analyZable reporter 
molecules, tWo of the GFP variants identi?ed by Heim et al. 
in E. coli (see Table 1) Were modi?ed so as to alloW 
mammalian cell analysis. The S65T (Heim et al.) mutant 
retains the minor excitation peak of WtGFP, but lacks the 
major excitation peak of WtGFP. For detailed information on 
the S65T mutant, see the article by Ormo et al. in Science 
273: 1392—1395 (1996). The (S202F, T2031) (Heim et al.) 
variant lacks the minor excitation peak of WtGFP, but retains 
the major excitation peak of GFP. Presumably, the S65T 
mutation favors one state (protonated or unprotonated) of 
the chromophore, While the (S202F, T2031) mutations favor 
the other state. 

The S65T and (S202F, T2031) mutants cannot be used 
effectively in mammalian cells because of their relative 
dullness. Surprisingly, it Was found that adding the V163A 
mutation identi?ed by Bender et al. to the S65T and (S202F, 
T2031) mutations does not affect the spectral properties of 
the target GFPs, but signi?cantly increases their stability. 
The excitation and emission spectra of the S202F, T2031, 
V163A (named Vex-1, or Violet-Excited-1), and S65T, 
V163A (named Bex-1, or Blue-Excited-1) mutants are 
shoWn in FIG. 2. Each peak in FIG. 2 is normaliZed 
individually. 

Presumably, the V163A mutation improves the stability of 
GFP in mammalian cells. The effect of adding the V163A 
mutation to the variants identi?ed by Heim et al. is not a 
priori predictable; other mutations identi?ed by Bender et al. 
do not have the same effect as V163A. Both Bex-1 and 
Vex-1 are bright enough to alloW distinguishing cells 
expressing a single copy of bex-1 or vex-1 from background 
cells. The Vex-1 and Bex-1 variants do not photoisomeriZe 
upon excitation at 406 nm and 488 nm, respectively. 

The excitation spectra of the Vex-1 and Bex-1 mutants 
match, respectively, the 406 nm line of Kr ion lasers and the 
488 nm line of Ar ion lasers. Krypton and argon ion lasers 
are available for use With conventional FACS equipment. 
Vex-1 and Bex-1 are spectrally distinguishable by their 
excitation peaks, but not by their emission peaks (colors). 
The tWo mutants have high quantum ef?ciencies, and fold 
relatively ef?ciently. Moreover, the tWo mutants do not 
require UV excitation. 

The loW spectral overlap betWeen Bex-1 and Vex-1 is 
critical for their simultaneous detection. The loW spectral 
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8 
overlap permits distinguishing betWeen the signals from the 
tWo variants. The loW spectral overlap is also important for 
alloWing the use of ?uorescence compensation for generat 
ing corrected signals, since the accuracy of ?uorescence 
compensation decreases rapidly With intersignal crosstalk. 
For high crosstalk, ?uorescence compensation loses its 
usefulness, as small variations in the level of one protein can 
entirely obscure the signal from the other protein. 

Preferably, the codons of the tWo transcriptional elements 
are optimiZed for mammalian expression. The coding por 
tions of the transcriptional elements consist substantially of 
codons commonly used in mammalian cells, as described in 
the article by Crameri et al., Nature Biotechnology 14(3) 
:315—319 (1996), herein incorporated by reference. 
The cell is preferably run through a tWo-laser ?uorescence 

activated cell sorter. FIG. 3 shoWs schematically the design 
of a ?uorescence activated cell sorter suitable for use With 
the present invention. Brie?y, light at tWo different Wave 
lengths is incident on the cell stream at distinct locations, 
and is incident on a given cell at distinct times. Each location 
corresponds to a distinct light path to a corresponding light 
detector, and thus ?uorescence emitted from a cell as a result 
of excitation at one Wavelength is distinguishable from 
?uorescence emitted by the same cell folloWing excitation at 
the other Wavelength. 

In a preferred embodiment, a cell containing Bex-1 and 
Vex-1 is illuminated at a ?rst location at )tex[1]=406 nm, 
using a Kr ion laser. The ?uorescence signal resulting from 
the 406 nm illumination is measured at a ?rst detector using 
a 515120 nm emission ?lter. The cell is illuminated at a 

second location at a Wavelength )t€x[2]=488 nm, using a Ar 
ion laser. The ?uorescence signal resulting from the 488 nm 
illumination at 7»€x[2] is measured at is measured at second 
detector using a 515120 nm emission ?lter. The cell is then 
sorted according to the ?rst and second signals. 
The folloWing examples are intended to illustrate the 

present invention, and should not be construed to limit the 
scope of the present invention. 

EXAMPLE 1 
Plasmids, Mutagenesis, and Sequencing 
A MFG-Wtgfp-pBR322 plasmid Was mutageniZed by 

PCR to generate mutants of the present invention. A PCR 
based site-directed mutagenesis scheme, as described in the 
article by Picard et al. in Nucleic Acids Res. 22:2587—2591 
(1994), herein incorporated by reference, Was used to gen 
erate bex-1 and vex-1. A Qiaquick Spin PCR Puri?cation 
(Qiagen, ChatsWorth, Calif.) step Was added folloWing the 
generation of the megaprimer. The coding portions of the 
tWo GFP variants from MFG-bex-1 and MFG-vex-1 Were 
cloned into XbaI-HindIII digested pGL3 (Promega) to create 
pGL3-bex-1 and pGL3-vex-1. The HindIII-SacI fragment of 
pOPRSV1-CAT (Stratagene) containing the lac operator 
(lacO) and RSV promoter Was inserted into pGL3-vex-1 
upstream of the gfp coding portion to create the lac inducible 
construct pGL3-OPRSV1-vex-1. The lac repressor expres 
sion vector p3‘SS and the tet repressor-vp16 chimera expres 
sion vector pUHD15-1 Were obtained from Stratagene. The 
gfp coding regions Were sequenced by DyeDeoxy Termina 
tor Cycle Sequencing (PRISM Ready Reaction Kit, Perkin 
Elmer, Foster City, Calif.). DNA sequence analysis Was 
performed With Intelligenetics Inc. (Mountain VieW, Calif.) 
softWare. 

EXAMPLE 2 
Cells, Tissue Culture and Retroviral Infection 
NIH/3T3 cells (ATCC CCL 163), BOSC 23 and Phoenix 

retroviral producer cells (G. Nolan, unpublished) Were main 
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tained as described in the article by Pear et al. in PNAS USA 
90:8392—8396 (1993), herein incorporated by reference. 
Transfection of BOSC 23 and Phoenix producer cells, as 
Well as retroviral infection of 3T3 cells Were performed as 
described in the above-incorporated article by Pear et al. For 
gene induction experiments, BOSC 23 cells Were main 
tained in 1 pig/ml tetracycline (tet) (obtained from Sigma) for 
24 hours and then transfected in the continued presence of 
tet. After 24 hours, cells Were harvested, split into four 
aliquots, and incubated for 48 hours in the presence or 
absence of 1 pig/ml tet and/or 50 m isopropylthio-[3-D 
galactoside (IPTG) (Life Technologies). 

EXAMPLE 3 
FACS Analysis 
FACS analyses Were carried out on a tWo-laser FACStar 

Plus platform (Becton Dickinson) modi?ed by the Stanford 
FACS Development Group. An Innova 302 Krypton ion 
laser (Coherent Inc., Santa Clara, Calif.) tuned to 406 nm, 
and an Argon ion laser (Coherent Inc.) tuned to 488 nm Were 
used in the dual laser experiments. To optimiZe the detection 
of GFP ?uorescence, the standard ?uorescein ?lter Was 
replaced With a 515/40 nm interference ?lter. Adetector With 
a 630/30 nm bandpass ?lter Was used for auto?uorescence 
compensation, as described in the article by Alberti et al. in 
Cytometry 8:114 (1988)). The tWo laser-stream intercepts 
Were spatially separated, as Were the tWo paths of light 
emitted by each GFP, as illustrated in FIG. 3. Identical 
emission ?lters Were used for the tWo detectors. Multipa 
rameter data Were collected and analyZed using the FACS 
DESK program, con?gured as described by Moore and 
KautZ in The Handbook of Experimental Immunology, eds. 
Weir et al., Blackwell Scienti?c, Edinburgh, pages 
30.1—30.11. 

EXAMPLE 4 

Uninfected NIH/3T3 cells Were analyZed by FACS using 
488 nm excitation. Light Was collected at 495—535 nm. FIG. 
4-A shoWs the number of cells as a function of ?uorescence 
intensity. 
A MFG-Wtgfp construct Was stably incorporated into 

NIH/3T3 cells by retroviral gene transfer, as described in the 
above-incorporated article by Pear et al. in PNAS USA 
90:8392—8396 (1993). Cells Were analyZed by FACS 48 
hours after infection, in a manner similar to that described 
above for uninfected cells. FIG. 4-B illustrates the resulting 
FACS scan. While the median ?uorescence of the MFG 
Wtgfp-infected population is 2-fold greater than that of 
uninfected cells, the difference in ?uorescence does not 
permit distinguishing the populations of infected and back 
ground cells. 
A MFG-bex-1 construct Was stably incorporated into 

NIH/3T3 cells under conditions yielding infection ef?cien 
cies comparable to those achieved With MFG-Wtgfp. A 
FACS scan of the cells revealed distinguishable infected and 
background populations, as illustrated in FIG. 4-C. The 
median ?uorescence of the infected population Was approxi 
mately 50-fold greater than that of the background 
population, or 25-fold greater than the median ?uorescence 
of the MFG-Wtgfp population. The infected population 
consisted of 60% of the total population. Assuming the 
number of viral integrants per cell folloWed a Poisson 
distribution, the probability of an infected cell carrying a 
single copy of gfp Was approximately 0.36. The infected 
cells are clearly distinguishable from the background cells. 

EXAMPLE 5 

NIH/3T3 cells Were infected With MFG-bex-1 at a mul 
tiplicity of infection (MOI) ?ve times loWer than that used 
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10 
in Example 4. The cells Were analyZed in a cell sorter similar 
to that shoWn in FIG. 3. The resulting FACS scan is 
illustrated in FIG. 5-A. Infected cells ?uoresced 40 times 
brighter than background cells upon 488 nm excitation, and 
3 times brighter than background cells upon 406 nm exci 
tation. SoftWare compensation can be used to correct for the 
loW level of spectral overlap, by subtracting a fraction of the 
signal due to 488 nm excitation from the signal due to 406 
nm excitation. The result of compensating the scan of FIG. 
5-A is shoWn in FIG. 5-B. 

NIH/3T3 cells Were infected With MFG-vex-1 and ana 
lyZed as described in the above paragraph. Infected cells 
?uoresced 16 times brighter than background cells upon 406 
nm excitation, and 3 times brighter than background cells 
upon 488 nm excitation. Uncompensated and compensated 
FACS scans are shoWn in FIGS. 5-C and 5-D, respectively. 

EXAMPLE 6 

NIH/3T3 cells Were transfected With equal amounts of 
vex-1 and bex-1 at three different MOIs. Compensated 
dual-excitation FACS scans are shoWn in FIGS. 6-A, 6-B 
and 6-C for MOIs of 0.065, 0.13, and 0.65 for each GFP 
encoding retrovirus, respectively. The scan in FIG. 6-A 
revealed three distinguishable cell populations: an unin 
fected population With loW levels of ?uorescence for both 
excitations; a population infected With vex-1, responsive to 
406 nm excitation; and a population infected With bex-1, 
responsive to 488 nm excitation. The scan in FIG. 6-B 
reveals an additional “double positive” population infected 
With both vex-1 and bex-1, responsive to both 406 nm and 
488 nm excitations. The scan in FIG. 6-C shoWs an increase 
in the double positive population, as expected from the 
increase in MOI. The fraction of cells in each distinguish 
able population in FIG. 6-C is consistent With the fraction 
predicted by Poisson statistics for a MOI of 0.65. 

EXAMPLE 7 

To evaluate the use of tWo reporters controlled by differ 
ent regulatory elements Within the same cell, BOSC 23 cells 
Were co-transfected With four plasmids. A plasmid compris 
ing a coding bex-1 portion controlled by a tet operator Was 
co-transfected With a plasmid (pUHD15-1) encoding the tet 
transactivator, a chimera of the tet repressor and VP16 
activation domain. For information on the tet transactivator, 
see the article by Gossen and Buj ard in PNAS USA 89(12) 
:5547—5551 (1992), herein incorporated by reference. In the 
absence of tetracyclin, bex-1 expression is induced. In the 
presence of tetracyclin, the tet activator dissociates from the 
tet operator, and transcription of bex-1 is repressed. Another 
plasmid comprising a coding vex-1 portion under the control 
of the lac operator and RSV promoter Was co-transfected 
With a plasmid (p3‘SS) constitutively expressing a modi?ed 
lac repressor. For information on the modi?ed lac repressor 
see the article by Fieck et al. in Nucleic Acids Res. 
20:1785—1791 (1992), herein incorporated by reference. In 
the absence of IPTG, vex-1 expression is repressed. In the 
presence of IPTG, the lac repressor-DNA complex is 
disrupted, and vex-1 transcription is induced. 
The BOSC 23 cells transfected With the four plasmids 

Were divided into four populations, and the effects of induc 
ing one, both or neither of the gfps Were evaluated by adding 
tetracyclin and/or IPTG. FIGS. 7-A through 7-D shoW 
contour plots and histograms of dual-excitation FACS scans 
of the four populations. The ?uorescence generated With 488 
nm excitation increases only for the populations cultured 
under inducing conditions for bex-1 (shoWn in FIGS. 7-B 
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and 7-D). The increase in 488 nm-generated ?uorescence 
following bex-1 induction does not depend on the level of 
vex-1 expression, as can be seen by comparing the 488 nm 
histograms in FIGS. 7-B and 7-D. The ?uorescence gener 
ated With 406 nm excitation increases only for the popula 
tions cultured under inducing conditions for vex-1 (shoWn in 
FIGS. 7-C and 7-D). Induction of bex-1 does not affect 406 
nm-generated ?uorescence, as can be seen by comparing the 
406 nm histograms in FIGS. 7-C and 7-D. Simultaneous 
induction of bex-1 and vex-1 (FIG. 7-D) leads to increases 
in both 406 nm- and 488 nm-generated ?uorescence. 

Inducing bex-1 expression leads to approximately a 
10-fold increase in the median 488 nm-generated ?uores 
cence of the transfected population, and does not affect the 
406 nm-generated ?uorescence. Inducing vex-1 expression 
leads to approximately a 2-fold increase in the median 406 
nm-generated ?uorescence of the transfected population, 
and does not affect the 488 nm-generated ?uorescence. Thus 
bex-1 and vex-1 can be analyZed independently by ?oW 
cytometry, and can provide simultaneous measurements of 
the transcriptional activities of tWo distinct regulatory ele 
ments. 

It Will be clear to one skilled in the art that the above 
embodiment may be altered in many Ways Without departing 
from the scope of the invention. For example, many GFP or 
non-GFP variants suitable for use in a method of the present 
invention may become available. Many analysis methods, 
such as high-throughput screening using ?uorescence 
microscopy, are suitable for use With GFP mutants of the 
present invention. A GFP variant excited at 406 nm can be 
used in conjunction With the FACS-Gal assay described in 
the above-incorporated article by Nolan et al., or With other 
FACS-detectable assays measuring the production of ?uo 
rescein. Accordingly, the scope of the invention should be 
determined by the folloWing claims and their legal equiva 
lents. 
What is claimed is: 
1. A method of analyZing cells comprising a ?rst tran 

scriptional element that comprises sequences encoding a 
?rst green ?uorescent protein comprising the mutations 
S202F, T203I, V163A, and a second transcriptional element 
that comprises sequences encoding a second green ?uores 
cent protein comprising the mutations S65T, V163A, said 
method comprising the steps of: 

illuminating a population of said cells at tWo Wavelengths 
that are about 406 nm and about 488 nm, respectively; 
and 

detecting by ?oW cytometry at a Wavelength betWeen 
about 500 nm and about 540 nm ?rst ?uorescence 
signals from said ?rst green ?uorescent protein and 
second ?uorescence signals from said second green 
?uorescent protein, 

Wherein said ?rst green ?uorescent protein and said 
second green ?uorescent protein are spectrally distin 
guishable. 

2. The method of claim 1, further comprising sorting said 
cells by ?uorescence activated cell sorting according to said 
?rst ?uorescence signals and said second ?uorescence sig 
nals. 

3. A method of analyZing cells comprising a ?rst tran 
scriptional element that comprises sequences encoding a 
green ?uorescent protein comprising the mutations S202F, 
T203I, V163A, and a second transcriptional element that 
comprises sequences encoding an enZyme Which cleaves a 
non-?uorescent precursor to produce a ?uorescent product, 
said method comprising the steps of: 
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12 
adding said non-?uorescent precursor to said cells; 
illuminating said cells at tWo Wavelengths, one of Which 

is substantially equal to either 406 nm or 488 nm; 
detecting by ?oW cytometry at a Wavelength betWeen 

about 500 nm and about 540 nm ?rst ?uorescence 
signals from said green ?uorescent protein; and 

detecting by ?oW cytometry second ?uorescence signals 
from the ?uorescent product of said non-?uorescent 
precursor, 

Wherein said green ?uorescent protein and said ?uores 
cent product are spectrally distinguishable. 

4. The method of claim 3, Wherein said enZyme comprises 
[3-galactosidase . 

5. The method of claim 4, Wherein said precursor com 
prises ?uorescein-di-[3-D-galactopyranosidase. 

6. The method of claim 1, Wherein the codons encoding 
said ?rst and second green ?uorescent proteins are opti 
miZed for expression in said population. 

7. The method of claim 1, Wherein said ?rst and second 
transcriptional elements are stably integrated into a genome 
of said population. 

8. The method of claim 1, further comprising a step of 
compensating said ?rst ?uorescence signals for the level of 
said second green ?uorescent protein. 

9. The method of claim 1, Wherein each cell in said 
population contains not more than one substantially 
expressed said ?rst transcriptional element and said second 
transcriptional element. 

10. The method of claim 1, further comprising a step of 
exposing said population to a molecule of interest, Wherein 
said ?rst ?uorescence signals provide a measure of an effect 
of said molecule of interest on expression of said ?rst 
transcriptional element. 

11. A method of analyZing cells comprising a transcrip 
tional element comprising sequences encoding a green ?uo 
rescent protein comprising the mutations S202F, T203I, 
V163A, Wherein each of said cells further comprises: a) a 
?rst protein of interest conjugated to a DNA-binding domain 
Which binds to a regulatory element of said transcriptional 
element; and b) a second protein of interest conjugated to a 
transcription activation domain necessary for transcription 
of said transcriptional element, said method comprising the 
steps of: 

illuminating said cells at a Wavelength that is substantially 
equal to about 406 nm; and 

detecting by ?oW cytometry at a Wavelength betWeen 
about 500 nm and about 540 nm ?uorescence signals 
from said green ?uorescent protein, 

Wherein ?uorescence signals detected from said green 
?uorescent protein provides a quantitative measure of 
expression of said transcriptional element, and thereby 
provide a measure of binding of said ?rst protein of 
interest to said second protein of interest. 

12. The method of claim 10, Wherein said ?rst transcrip 
tional element comprises a ?rst regulatory element opera 
tively connected to said sequences encoding said ?rst green 
?uorescent protein and affected by said molecule of interest. 

13. The method of claim 12, Wherein said ?rst regulatory 
element comprises a promoter. 

14. A method of sorting mammalian cells comprising a 
?rst transcriptional element and a second transcriptional 
element, comprising the steps of: 

a) measuring ?rst ?uorescence signals from a ?rst intra 
cellular expression product of said ?rst transcriptional 
element; 

b) separating into distinct populations cells expressing 
said ?rst transcriptional element from cells not express 
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ing said ?rst transcriptional element from cells not a ?rst transcriptional element comprising sequences 
expressing said ?rst transcriptional element, by ?uo- encoding a ?rst green ?uorescent protein comprising 
rescence activated cell sorting according to said ?rst the InlltatiOnS $20213, T2031, V163A; and 
?uorescence signals; a second transcriptional element comprising sequences 

c) measuring second ?uorescence signals from a second 5 encodmg a Second green ?uorescent Protem Compns' 
ing the mutations 565T, V163A, 

Wherein said ?rst green ?uorescent protein is excited at a 
Wavelength of about 406 nm, said second green ?uo 
rescent protein is excited at a Wavelength of about 488 

intracellular expression product of said second tran 
scriptional element; and 

d) separating into distinct populations cells expressing 
said second transcriptional element from cells not 

_ _ _ _ 10 nm, and ?uorescence signals from said ?rst green 
expressmg sald Second tran_scnpnonal_ element; by ?uo' ?uorescent protein and said second green ?uorescent 
rescence activated cell sorting according to said second proteins are detected at a Wavelength between about 
?uorescence signals, Wherein said ?rst transcriptional 500 nm and about 540 nm_ 
element Comprises Sequences encoding a ?rst green 17. The method of claim 1, Wherein said cells are mam 
?uorescent protein comprising the mutations S202F, malian Cells~ 
T203I, V163A, and said second transcriptional element 15 18, The method of claim 3, wherein said cells are mam 
comprises sequences encoding a second green ?uores- malian cells. 
cent protein comprising the mutations 565T, V163A. 19. The method of claim 11, Wherein said cells are 

15. The method of claim 14 Wherein each of said cells mammalian cells. 
contains not more than one substantially expressed said ?rst 20. The population of claim 16, Wherein said cells are 
transcriptional element and not more than one substantially 2O mammalian cells. 
expressed said second transcriptional element. 

16. Apopulation of cells comprising: * * * * * 


